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ABSTRACT

The formation of new oceanic crust is the result of a complex geodynamic system in
which mantle rises beneath spreading centers and undergoes decompression melting. The
melt segregates from the matrix and is focused to the rise axis, where it is eventually
intruded and/or erupted to form the oceanic crust. This thesis combines surface
observations with laboratory studies and geodynamic modeling to study this crustal-
production system. Quantitative modeling of the crustal and mantle contributions to the
axial gravity and topography observed at the East Pacific Rise shows that the retained melt
fraction in the mantle is small (<3%) and is focused into a narrow column extending up to
70 km beneath the ridge axis. Consistent with geochemical constraints, the extraction of
melt from the mantle therefore appears to be efficiently focus melt toward the ridge axis. A
combination of laboratory and numerical studies are used to constrain the pattern of mantle
flow beneath highly-segmented ridges. Even when the buoyant component of mantle flow
is constrained to be two-dimensional, laboratory studies show that a segmented ridge will
drive three-dimensional mantle upwelling. However, using reasonable mantle parameters
in numerical models, it is difficult to induce large-amplitude three-dimensional mantle
upwelling at the relatively short wavelengths of individual segments (~50 km). Instead, a
simple model of three-dimensional melt migration shows that the observed segment-scale
variations in crustal thickness can be explained by focusing of melt as it upwells through a
more two-dimensional mantle flow field. At the Reykjanes Ridge, the melt appears to
accumulate in small crustal magma chambers, before erupting in small batches to form
numerous overlapping hummocky lava flows and small volcanoes. This suggests that
crustal accretion, particularly at slow-spreading centers, may be a highly discontinuous
process. Long-wavelength variations in crustal accretion may be dominated by variations in
mantle upwelling while short-wavelength, segment-scale variations are more likely
controlled by a complex three-dimensional processes of melt extraction and magma

eruption.
Thesis supervisor: Robert S. Detrick
Title: Senior Scientist, Woods Hole Oceanographic Institution
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CHAPTER 1

The Influence of Lithospheric Segmentation on Mantle
Convection and Melt Migration

Introduction

Mid-ocean ridges form the worldwide network of spreading centers where oceanic
plates diverge. Far from being straight lines, the ridges are composed of distinct spreading
segments (20-200 km long) separated by offsets (anywhere from 2-200 km long) along
which transverse motion is accommodated. As the plates separate, mantle upwells beneath
the ridge segments, and undergoes decompression melting to provide the basaltic melt
which forms the oceanic crust. Mantle flow beneath mid-ocean ridges is the result of the
interaction between the plate-driven and buoyant components of the flow. Even without a
segmented ridge, numerical modeling [Parmentier and Phipps Morgan, 1990; Jha et al.,
1994; Sparks and Parmentier, 1993] and laboratory experiments [Whitehead et al., 1984;
Kincaid et al., 1996] indicate that there will be along-axis variations in upwelling and
crustal production due to focusing of the buoyant flow. However, the plate-driven flow
associated with a segmented ridge will further enhance this three dimensionality [e.g.,
Sparks et al., 1993; Rabinowicz, 1993].

In addition to influencing mantle convection, ridge segmentation may also effect the
three-dimensional migration of melt as it is extracted from the mantle. There is evidence, at
least in some cases, that there must be relative horizontal motion between melt and mantle
[i.e., Dick, 1989, Spiegelman, 1996]. One mechanism by which this may occur is through
the transport of melt along the top of the melting region or the base of the lithosphere
[Sparks and Parmentier, 1994; Spiegelman, 1993]. Cooling of the lithosphere beneath
transforms and non-transform offsets will depress the top of the melting region, creating a
topographic gradient which may drive melt toward segment centers. Thus, lithospheric
segmentation may have a large role (by effecting both mantle convection and melt
migration) in the focusing of crustal accretion beneath segment midpoints.

The most often-cited expression of the focusing of mantle flow and melt production

is the mantle Bouguer anomaly (MBA) "bull's-eye" lows (attributed to thicker crust and/or

warmer mantle) and shallower topography observed at the centers of many segments along
the Mid-Atlantic Ridge (MAR) [Kuo and Forsyth, 1988; Lin et al., 1990]. There is a

strong correlation between along-axis variations in crustal thickness and spreading rate.




Slow spreading ridges display much greater along-axis crustal thickness variations than fast
spreading ridges [e.g., Lin and Phipps Morgan, 1992], but even at fast spreading ridges,
there is some evidence for focusing of mantle flow [Wang and Cochran, 1993]. Segment
and offset lengths appear to be related to the amount of along-axis variation in MBA and
crustal thickness, particularly at slow spreading ridges. At the MAR, there is a systematic
increase in the magnitude of the axial MBA variation with increasing segment length and
increasing offset length {Lin et al., 1990; Detrick et al., 1995]. This would be consistent
with increased focusing of melt beneath longer segments, especially those adjacent to
longer offsets, suggesting that the degree of focusing may be related to the details of the
spreading center geometry.

This thesis uses a combination of observational, laboratory, and numerical
approaches to investigate the role of lithospheric segmentation on the three-dimensional
behavior of mantle flow and melt migration. Rather than invoking three-dimensional
mantle convection to create segments in the overlying ridge, this work imposes
representative segment geometries as a boundary condition and investigates the effect this

segmentation has on the underlying mantle flow and extraction of melt.

Thesis Overview

Observational data including a gravity survey at the super-fast spreading East
Pacific Rise (EPR) and a high-resolution topographic survey of the slow-spreading
Reykjanes Ridge form the basis for Chapters 2 and 3. Quantitative modeling of the crustal
and mantle contributions to the axial gravity and topography observed at the EPR has
shown that the retained melt fraction in the mantle is small (<3%) and is focused into a
narrow column extending as far as 70 km beneath the ridge axis. Consistent with
geochemical constraints, the extraction of melt from the mantle appears to be an efficient
process. However, at slow spreading ridges, the process of crustal accretion are highly
discontinuous. Similar to other sections of the Mid-Atlantic Ridge (MAR), the oceanic
crust at the Reykjanes Ridge is formed by numerous small overlapping hummocky lava
flows and small volcanoes. Despite the increased overall crustal thickness due to proximity
of the Iceland hot spot, crustal formation appears to take place via small eruptions from
isolated, ephemeral crustal magma chambers.

A combination of laboratory and numerical studies are then used to

constrain the pattern of mantle flow beneath highly-segmented ridges. In Chapter 4, a

viscous fluid with a strongly temperature-dependent viscosity (Karo syrup) in a laboratory
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tank is used to visualize the interaction of buoyant and plate-driven mantle upwelling
beneath a variety of plate geometries. Numerical simulations of the tank experiments are
also used to identify the relative importance of individual physical processes on the overall
pattern of flow. Even with two-dimensional mantle upwelling, a segmented ridge will
drive three-dimensional mantle upwelling. The three dimensionality increases with

“spreading rate and offset length. The results suggests that mantle upwelling velocities
decrease at the ends of segments and the centers of upwelling may be offset from the ridge
axis toward offsets.

In Chapter 5, numerical models are used to expand the range of plate geometries
and mantle conditions, and to explicitly include melt production and crustal accretion which
could not be simulated in the tank. Using reasonable mantle parameters, it is difficult to
induce three-dimensional mantle upwelling at the relatively small length-scale of individual
segments (~50 km). In addition, overall crustal production decreases with decreasing
mantle temperature, slower spreading rates, and increased ridge segmentation.

A simple model of three-dimensional melt migration along the base of the
lithosphere is used in Chapter 6 to show that observed along-axis variations in crustal
thickness can be explained by focusing of melt as it upwells through a more two-
dimensional mantle flow field. Long-wavelength variations in crustal accretion may be
therefore be caused by variations in mantle upwelling while short-wavelength, segment-
scale variations are more likely controlled by a complex three-dimensional processes of
melt extraction and magma eruption.

Finally, Chapter 7 summarizes the main conclusions of Chapters 2 through 6 and
discusses some further questions about the process of crustal formation which are raised by
this work.

Chapter 2 was published in the Journal of Geophysical Research, 1995. My co-
author was Robert Detrick. We also recognized the TERA Group (Graham Kent, Alistar
Harding, John Orcutt, John Mutter, and Peter Buhl) for their role in collecting the original
gravity data. Chapter 3 was co-authored by Debbie Smith and was published in the Journal
of Geophysical Research, 1995. Chapter 4 was published in the Journal of Geophysical
Research, 1996. For this work, my co-authors were Chris Kincaid, David Sparks, and
Robert Detrick. Chapter 5 has been submitted to the Journal of Geophysical Research as a
manuscript co-authored with Dave Sparks. Chapter 6, co-authored by Dave Sparks and

Robert Detrick, is in press in Earth and Planetary Science Letters. In all cases, I was the




primary author and, with advice from my co-authors, was responsible for both the data

analysis/synthesis, and the writing of the manuscript.
The full citations for the papers corresponding to each of the chapters are:
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Crustal and upper mantle contribution to the axial gravity
anomaly at the southern East Pacific Rise

Laura S. Magde,!2 Robert S. Detrick,! and the TERA Group3

Abstract. This paper reassesses the crustal and upper mantle contribution to the axial gravity
anomaly and isostatic topography observed at two segments (14°S and 17°S) of the southern
East Pacific Rise (SEPR) in order to determine what constraints these data place on the amount
of melt present in the underlying mantle. Gravity effects due to seafloor topography and relief
on the Moho (assuming a constant crustal thickness and density) overpredict the amplitude of
the gravity high at the EPR by 8-10 mGal. About 70% of this mantle Bouguer anomaly (MBA)
low (6-7 mGal) can be explained by a region of partial melt and elevated temperatures in the
mid-to-lower crust beneath the rise axis. Compositional density reductions in the mantle due to
melt extraction are shown to make a negligible contribution to the amplitude of the observed
MBA. Temperature-related mantle density variations predicted by a simple, plate-driven,
passive flow model with no melt retention can adequately account for the mantle contribution to
the observed MBA within the experimental uncertainty (+ 1 mGal). However, the retention of a
small amount of melt (< 1-2% at 14°S; < 4% at 17°S) in a broad region (tens of kilometers wide)

of upwelling mantle is also consistent with the observed gravity data given the uncertainty in
crustal thermal models. The anomalous height of the narrow, topographic high at the EPR
provides the strongest evidence for the existence of significant melt fractions in the underlying
mantle. It is consistent with the presence of a narrow (~10 km wide) partial melt conduit that
extends to depths of 50-70 km with melt concentrations up to 2% higher than the surrounding
mantle. Along-axis variations in mantle melt fraction that might potentially indicate focused
upwelling are only marginally resolvable in the gravity data due to uncertainties in crustal
thermal models. The good correlation between along-axis variations in depth, and changes in
axial volume and gravity, argue against the mantle melt conduit as being the major source of this
along-axis variation. Instead, this variability can be adequately explained by a combination of
along-axis changes in crustal thermal structure and/or along-axis crustal thickness changes of a

few hundred meters.

Introduction

Pressure release melting of mantle upwelling beneath mid-
ocean ridges generates magma that forms oceanic crust. The
rheology of this partially molten aggregate depends critically on
the grain-scale distribution of the melt phase [Kohlsted, 1992].
If permeability is very low, the melt content of ascending mantle
rocks will continuously increase as melting progresses. Once the
retained melt exceeds a certain value (~5%), creep resistance will
decrease dramatically reducing viscosities a factor of 10 to 50
[Hirth and Kohlstedt, 1994]. On the other hand, if permeability
is high the melt will be rapidly drained from the rock and the
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mantle will behave like an almost melt-free aggregate, even
though it is undergoing up to 20-25% partial melting as it rises
through the melting regime [Ahren and Turcotte, 1979]. The
amount of interstitial melt will have important implications on
both the pattern of mantle flow beneath ridges (which is strongly
affected by rheology), as well as the geochemistry of the magma
that is produced.

Chemical analyses of isotopes and trace elements in mid-ocean
ridge basalts [Salters and Hart, 1989] and abyssal peridotites
[Johnson et al., 1990] suggest that melt can be effectively
segregated from the residual crystalline phases at melt contents as
small as 0.1%. This result is consistent with laboratory
experiments on olivine-basalt aggregates that show that the melt
phase is interconnected at very small porosities [Daines and
Richer, 1988; Watson, 1991]. Furthermore, experiments by Riley
et al. [1990] and work by Ahren and Turcotte [1979] show that
melt migration by porous flow can be quite rapid. The amount of
melt required to explain the anomalous upper mantle S-wave
velocities observed below the East Pacific Rise [Nishimura and
Forsyth, 1989] depends on the geometry of the melt distribution,
but if some fraction of the melt is distributed in the form of thin
films wetting the faces of grains, Forsyth [1992] showed that
only ~0.5% melt is required to explain the observed velocity
anomaly.

Several lines of evidence thus suggest that the retained melt in
the mantle beneath spreading centers is quite small (<1%).




However, the existence of much more melt (up to 20-30%) has
been proposed as one mechanism for substantially reducing
mantle viscosity in order to focus upwelling and explain the
narrowness of the neovolcanic zone [Buck and Su, 1989)]. Recent
studies of the gravity anomaly observed at the East Pacific Rise
have also suggested that substantial amounts of retained melt (3-
9%} are required in the upper mantle down to depths of 30-50 km
in the axial region [Wang and Cochran, 1993; Wilson, 1992] (X.
Wang et al., Gravity anomalies, crustal thickness, and the pattern
of mantle flow at the fast spreading East Pacific Rise, 9°N-10°N:
Evidence for three-dimensional upwelling, submitted to Journal
of Geophysical Research, 1994; hereafter referred to as Wang et
al., submitted manuscript, 1994). Along-axis variations in the
magnitude of this compensating mass have been used to suggest
that mantle flow is as highly focused and three-dimensional at
fast spreading ridges as it is at slow spreading ridges [Wang and
Cochran, 1993).

In this paper we reassess the crustal and upper mantle
contribution to the axial gravity anomaly and isostatic topography
at the East Pacific Rise (EPR) to determine what constraints these
data place on the melt fraction present in the underlying mantle.
We use gravity and seismic data from the southern portion of the
EPR in this study [Detrick et al., 1993). This area is of particular
interest because it is among the fastest spreading segments of the
global mid-ocean ridge system with total opening rates of 150-
162 mm/yr [DeMets et al., 1990]. It also includes the site of the
mantle electromagnetic and tomography (MELT) experiment
[Forsyth, 1993].

This study differs from previous efforts to model the gravity
anomaly at the EPR in three major respects: (1) we use more
realistic crustal thermal models [Henstock et al., 1993; Phipps
Morgan and Chen, 1993] based on seismic studies from the EPR
{e.g., Solomon and Toomey, 1992] that show the axial magma
chamber is a narrow, sill-like body confined to the mid-crust
while the lower crust is largely solidified, (2) we include mantle
density effects due to three different sources: temperature,
compositional changes caused by the extraction of partial melt,
and melt retention, and (3) we calculate the distribution of
anomalous mass in the mantle by incorporating the effects of
both plate-driven and buoyancy flow using a new mantle flow
model developed by Sparks et al. [1993b]. We show that about
70% (6-7 mGal) of the mantle Bouguer anomaly (MBA) low
found at the EPR can be explained by a region of partial melt and
elevated temperatures in the mid-to-lower crust beneath the rise
axis that lowers crustal densities compared to those at equivalent
depths off-axis. The remainder of this anomaly can be
adequately explained by temperature-related mantle density
variations with no melt retention, although the presence of small
amounts of melt (a few percent) in a broad region (tens of
kilometers wide) of upwelling mantle cannot be precluded. We
show that the strongest evidence for the existence of significant
amounts of retained melt (2-3%) in the upwelling mantle comes
from the anomalous height of the narrow, axial bathymetric high
found at the EPR which can be explained by the existence of a
narrow (~10 km wide) melt conduit which extends to depths of
50-70 km.

Tectonic Setting and Seismic Results

The tectonic setting of the ultrafast-spreading (150-162
mm/yr) southern East Pacific Rise (SEPR) south of the Garrett
fracture zone has been well established by Sea Beam and
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SeaMARC I surveys [Lonsdale, 1989; Macdonald et al., 1988]
and from extensive dredging [Sinton et al., 1991]. Between the
Garrett fracture zone and the 20.7°S propagator the SEPR is
uninterrupted by any large ridge offsets, however there are
several small discontinuities including overlapping spreading
centers (OSCs) at 15°55', 16°25', and 17°55' S; and three smaller
OSCs between 18 and 19°S (Figure 1). The ridge axis is uniform
in depth between 13.4°S and 18°S, then gradually deepens
southward toward the large 20.7°S discontinuity which
Macdonald et al. [1988] describe as a dueling propagator (Figure
2). This change in axial depth is associated with a systematic
change in the dimensions of the axial topographic high [Scheirer
and Macdonald, 1993]. The shallowest and broadest sections of
the SEPR are located near 14°S and between 17 and 18°S, while
southward toward the 20.7°S propagator the axial high is deeper
and narrower (Figure 2). This portion of the EPR is
magmatically segmented on various scales [Sinton et al., 1991).
A primary magmatic segmentation, occurring at the largest
physical offsets, has been attributed to mantle source variations,
while a secondary magmatic segmentation, usually corresponding
to sections of ridge bounded by OSCs, is thought to reflect along-
axis variations in the extent of melting [Sinton et al., 1991).
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Figure 1. Tectonic map of southern East Pacific Rise (EPR)
showing location of two detailed study areas at 14°S and 17°S.
Shaded portions of rise axis indicate where magma chamber
reflector was observed by Derrick et al. [1993].
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Figure 2. Variation in axial depth (light line), mantle Bouguer
anomaly (MBA) (heavy line), and (bottom) cross-sectional area
of axial high along the EPR south of the Garrett transform.
Cross-sectional area estimates are from Scheirer and Macdonald
[1993]. Note the good correlation between along-axis variations
in MBA and axial cross-sectional area with the broadest sections
of ridge associated with the most negative MBA. Between 14°S
and 18°S axial depth is approximately constant and not well
correlated with either MBA or axial cross-sectional area.

There is also a regional, across-axis asymmetry in both
bathymetry and gravity along this section of the EPR that has
been attributed to higher mantle temperatures to the west of the
fise axis [Cormier and Macdonald, 1993}].

A two-ship multichanne] seismic reflection (MCS) and
refraction experiment was conducted along the SEPR in 1991
[Detrick et al., 1993]. MCS reflection, gravity, and Hydrosweep
multibeam bathymetry data were obtained on a composite along-
axis profile extending from the Garrett fracture zone at 13.4°S to
the 20.7°S propagating rift. More detailed seismic reflection,
refraction and gravity data were obtained in two areas, one
centered at 14°15'S and a second located near 17°20'S (Figure 1).
These areas were selected because they represent "normal”
sections of the ridge, relatively far from the influence of
transforms, overlapping spreading centers, or other major ridge
axis discontinuities. They are also centered over areas where the
ridge axis is broad and shallow [Scheirer and Macdonald, 1993]
suggesting a relatively robust magma supply (Figure 2).

These seismic data [Detrick et al., 1993; Kent et al., 1994]
provide excellent constraints on the crustal structure of this
portion of the EPR (Figure 3). In both the 14°S and 17°S areas,
the rise axis is underlain by a thin (~175 m) extrusive volcanic
layer (seismic layer 2A) that approximately doubles in thickness
within a few kilometers of the rise axis. A narrow (<1 km wide),
thin (<100 m) melt lens is located ~1 km below the seafloor and
is believed to mark the top of an axial magma chamber (AMC).
Near 17°25'S the AMC is unusually shallow (<900 m below the
seafloor [Detrick et al., 1993]) and submersible observations
suggest this may be the site of recent or ongoing volcanic activity
[Auzende et al., 1994]. Preliminary analyses of refraction data
from both the 14°S and 17°S areas indicate the melt lens is
underlain by a crustal low velocity zone similar to that observed
along the northern EPR [Harding et al., 1989; Toomey et al.,
1990; Vera et al., 1990]. Earlier studies have suggested this low-
velocity zone is largely solidified, but associated with elevated
crustal temperatures [Caress et al., 1992; Solomon and Toomey,
1992]. Moho reflections are observed on some reflection profiles
and can be traced to within a kilometer of the melt lens [Kent et
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Figure 3. Migrated seismic profile of the southern East Pacific Rise (SEPR) line 70 across the EPR at 14°20'S
displayed in two windows of different gains to enhance both shallow and depth (Moho) reflectors [from Kenr et al.,
1994]. Note the rapid off-axis thickening of the reflection from the base of seismic layer 2A 0.25-0.50 s below the
seafloor, the narrow (~1 km wide) magma chamber reflector at ~1 km depth beneath the rise axis, and 